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ABSTRACT
A series of simulations was conducted using a regional climate model with a domain covering mainland China. Simulations
were conducted for a single June using estimated land cover for 1700, 1750, 1800, 1850, 1900, 1950, 1970 and 1990. The
conversion of land cover between these periods was extensive over mainland China, where large areas were altered from
natural forests to either grass or crops, or from natural grasslands to crops. These land-cover modifications affect various
characteristics of the land surface, which lead to changes in the way available energy and water are partitioned. Over areas
where land cover was modified, substantial changes are simulated. The conversion from forests to grasses or crops leads
to warming and to reductions in root zone soil moisture and latent heat fluxes. Regionally, the conversion from forest to
grasses and crops leads to significant warming over large areas of China, but there is an area of cooling present that is
coincident with the main location of a land-use change from short grass to crops. The changes in temperature propagate to
about 1500 m above the surface and affect specific humidity throughout this part of the atmosphere. An analysis of daily
average results shows a consistent impact of land-cover modification on temperature, latent heat flux and soil moisture.
Therefore, we find large and consistent impacts over China resulting from historical land-cover modification that are
sufficiently important to the regional-scale climate to warrant inclusion in future modelling efforts. Our results suggest
that efforts to attribute warming patterns over China to any particular cause need to take into account the conversion of
the land cover that has taken place over China over the last 300 years. Copyright  2003 Royal Meteorological Society.
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1. INTRODUCTION
Humans have altered a significant fraction of the Earth’s surface. Vitousek et al. (1997) estimate that over
45% of the Earth’s surface is currently affected by human-induced land-cover modification (or land-cover
change, LCC). Over the last few last centuries, the intensity and scale of these modifications have increased
significantly. Land-cover modification is believed to impact on the global climate (Chase et al., 2000;
Pitman and Zhao, 2000; Zhao et al., 2001) and there is strong evidence that LCC can influence local-to
regional-scale climate (Pielke et al., 1998). Many experiments have identified regional-scale impacts due to
tropical deforestation (Henderson-Sellers et al., 1993; Polcher and Laval, 1994; Zhang et al., 1996; Lean
and Rowntree, 1997), temperate deforestation (Bonan et al., 1992) and desertification (Dirmeyer and Shukla,
1996; Xue, 1997; Nicholson et al., 1998). Observational evidence from Amazonia (Gash and Nobre, 1997),
* Correspondence to: A. J. Pitman, Department of Physical Geography, Macquarie University, North Ryde, 2109 NSW, Australia;
e-mail: apitman@penman.es.mq.edu.au
Copyright  2003 Royal Meteorological Society
512 H. WANG ET AL.
Europe (Andre´ et al., 1989) and Australia (Lyons et al., 1996) all provide convincing evidence that LCC can
influence the atmosphere. Evidence from mesoscale modelling is also convincing (e.g. Pielke et al., 1991).
In this paper, we focus on the impact of observed LCC on the June meteorology of China, a country
that has undergone major land-cover modification in recent history. We use a regional climate model (RCM)
to explore this impact, since this is a powerful tool to investigate the details of interactions between cover
modification and the atmosphere (see Section 2). We employ a new historical land-cover data set, compiled
with a time resolution of 50 years, from 1700 until 1990 (see Section 3 and Klein Goldewijk and Battjes
(1997)). The results are presented in Section 4 and the discussion and conclusions in Section 5.
2. MODEL DESCRIPTION
The model used in the experiments discussed in this paper is an RCM based on the dynamics of the mesoscale
model, MM5 (version 2, Grell et al., 1994). The RCM has a wide variety of available parameterizations
for the land surface, dynamics and radiation. In the experiments reported here, the model included the
Anthes–Kuo cumulus parameterization scheme (Grell et al., 1994) and includes the BATS land surface
scheme (Dickinson et al.,1993). The atmospheric radiation scheme used the NCAR/CCM3 parameterization
(Hack et al., 1993; Kiehl et al., 1996) and a hydrostatic atmosphere. The model was initialized with a three-
dimensional meteorological field produced from the National Centers for Environmental Prediction (NCEP)
Global Data Assimilation System (GDAS) analysis. The model interpolates the NCEP data to the 50 km
resolution used in all simulations. The framework of the regional climate modelling system is shown in
Figure 1. During a pre-processing step, terrestrial and meteorological data are horizontally interpolated from
a latitude–longitude mesh to a variable high-resolution domain on a Mercator projection. The model then
interpolates the gridded pressure-level data onto 23 sigma levels and writes out the initial, time-dependent
lateral boundary condition data for further time integration. Sigma surfaces near the ground closely follow the
terrain, and the higher-level sigma surfaces tend to approximate isobaric surfaces. In all simulations, identical
initialization and identical boundary conditions were used. This simplification means that any impacts on
climate resulting from LCC are likely to be the result of LCC rather than model variability. However,
consistent results between each LCC experiment are also highly desirable in order to increase confidence that
simulated changes are the result of LCC.
In the results discussed in this paper, we ran the mesoscale model over China for a single June. The domain
used (16–60 °N, 75–130 °E) covers most of continental China and some adjacent areas (e.g. see Figure 2,
which shows the geographical extent of the domain modelled). This domain was deliberately selected as
one with intense human activity and significant LCC. The simulations were conducted for a single month
Figure 1. The modelling framework used in this paper
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Figure 2. Location of individual grid points that change from forest to short grass or crops (F2SGC) between (a) 1700–50,
(b) 1750–1800, (c) 1800–50, (d) 1850–1900, (e) 1900–50, (f) 1950–90 and (g) the net change, 1700–1990. Grid points that undergo
change are shaded black
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and averages are reported over a 29 day period (1 day was lost in initial interpolation). We do not have
the capability to run a full seasonal or annual cycle, since the computational expense and data handling
requirements are extremely high, but the use of a full month provides an opportunity to explore the impact
of LCC on the monthly meteorology.
3. IMPOSED LAND-COVER MODIFICATIONS
The LCC scenarios used in this paper were derived from the work of Klein Goldewijk and Battjes (1997)
combined with an update of these data to include the full period from 1700 to 1990 (Klein Goldewijk, 2001)
(see http://www.rivm.nl/ieweb/ieweb/index.html).
The benchmark natural vegetation patterns are simulated with a modified version of the BIOME model (see
Prentice et al. (1992)) with some modifications as presented in Leemans and van den Born (1994), driven
with climate from the IIASA climate database of Leemans and Cramer (1991). Agricultural land and pasture
land cover was derived from the DISCover land-use data set, classified according the International Geosphere
Biosphere Programme Global Land Cover Legend (Loveland and Belward, 1997). The scheme consists of
17 classes, of which Croplands and Urban were given the same weight, and then used for allocation of the
amount of Arable Land and Permanent Crops as presented by FAO. The estimate for China in 1700 was
scaled to match estimates by Richards (1990) and Klein Goldewijk and Battjes (1997). The land-cover types
provided in the land-cover data set were re-mapped onto the 18 land types used in BATS.
Ultimately, a land-cover data set, mapped onto the 18 BATS land-cover classes, was obtained for each of
the time periods available in the Klein Goldewijk (2001) data set (1700, 1750, 1800, 1850, 1900, 1950, 1970
and 1990). These data sets show changes in several of the BATS land-cover classifications through time over
China. Most of the modifications in land cover are of four major types: forest to grass or crops; short grass
to crop; tall grass to grass or crop; and semi-desert to crops (see Table I). Figure 2 shows the grid points that
change between forest (including evergreen needleleaf, deciduous needleleaf, deciduous broadleaf, evergreen
broadleaf and mixed woodland) and short grass or crops (hereafter F2SGC) for each of the time periods
used in this paper. The evolution of the land cover can be seen quite clearly, with most change occurring
in the earlier part of the record (in particular 1800–50, Figure 2(c)). The F2SGC change is geographically
varied in time, with major regions of change occurring in most time periods. Overall, Figure 2(g) shows the
accumulated LCC for F2SGC and demonstrates major changes covering most of continental China to the
east of the Tibetan Plateau. A significant and coherent area of China does not change in the F2SGC scenario
centred around 35 °N, 115 °E (the lowlands near to the Yellow Sea) and extending around 750 km inland
between 35°and 40 °N.
Although the F2SGC represents the single largest LCC (Table I), the change from short grass to crops
(hereafter SG2C) is also quite significant (Figure 3). The evolution in time of this LCC is relatively even,
with the exception of a major change in 1800–50 centred on 30 °N, 105 °E (Figure 3(c)). This appears to be
temporary, since it does not appear in the overall change from 1700 to 1990 (Figure 3(g)) (i.e. the change
from SG2C occurred in the 1800–50 period but reverted back to short grass between 1850 and 1990). Overall,
Table I. The number of grid points modified between each time period for each land-cover type that changes. The
1700–1990 total is not the sum of the other periods because some land cover reverts back to the 1700 type in later
periods
Vegetation change 1700–50 1750–1800 1800–50 1850–1900 1900–50 1950–90 1700–1990
Forest to grass or crops 159 215 307 185 233 68 1166
Short grass to crop 53 62 89 88 95 23 159
Tall grass to grass or crop 17 16 8 8 9 11 69
Semi-desert to crops 1 2 5 9 34 4 29
Crop to short grass 2 5 14 27 15 52 2
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Figure 3. As Figure 2, but for individual grid points that change from short grass to crops (SG2C)
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the change from SG2C is centred around 35 °N, 115 °E to the south and east of Beijing (Figure 3(g)) and
represents the large coherent area not changed in the F2SGC LCC.
The LCC scenarios used in this paper, therefore, reflect two major land-cover modifications. A major
modification from forest to short grass and crops covering a sizeable fraction of China (a total of 1166 points
changing between 1700 and 1990), and a modification from short grass to crops (a total of 159 points changing
between 1700 and 1990) covering the lowlands near to the Yellow Sea. Changes also occur in land cover
from tall grass to grass or crop (69 points between 1700 and 1990) and from semi-desert to crops (29 points
changing between 1700 and 1990), but these are more minor and are not discussed further in this paper. The
impact of the major LCC on BATS parameter values are shown in Figure 4 and Table II. The two major types
of LCC, represented by F2SGC and SG2C, can clearly be seen in changes in key BATS parameters (Figure 4).
The F2SGC leads to reduced leaf area index (LAI; by ∼1.5 m2 m−2, Figure 4(a)) and a significantly lower
roughness length (usually 0.5–1.5 m, Figure 4(b)). The depth of the root zone is reduced over a widespread
area by more than 1 m (Figure 4(c)), and the distribution of roots changes (Figure 4(f)) such that a much high
fraction of roots is constrained in the top 0.1 m of the soil. The change in the minimum stomatal resistance is
negligible (Figure 4(d)). Finally, the albedo is increased by 1% over a large area and by >5% over southern
China. The SG2C change leads to an increase in LAI (by 1.5 m2 m−2), but little change in roughness length,
root zone depth or albedo. The distribution of roots does change to reflect the deeper rooting depths realized
in BATS by crops (the negative values in Figure 4(f) mean less roots in the upper soil layer and, therefore,
more roots deeper in the soil). This change opens up a much larger soil moisture reservoir for evaporation.
Finally, a significant reduction in the minimum stomatal resistance occurs (∼50 s m−1, Figure 4(d)), with
crops characterized by much lower resistances compared with short grass.
Overall, the changes in land cover shown in Figures 2 and 3, and the consequences of these changes on
BATS parameters shown in Figure 4, might be expected to lead to changes in the partitioning of available
water between evaporation and runoff and changes in the partitioning of available energy between sensible
and latent heat (see Sellers (1992) and Pitman (2003)). The following section describes and explains the
results obtained.
4. THE SIMULATED IMPACT OF LAND-COVER MODIFICATION
Results are presented in three ways. First, averages over June for each of the simulated years are shown to
illustrate the changes in the mean. Results are averaged over all grid points that change from F2SGC between
1700 and 1990 and over points that change from SG2C between 1700 and 1990; hence, the averages are
calculated over the same geographical area in all cases. Averaged results are shown geographically and time
series are displayed for each day of the month.
Table II. Parameter values for the major vegetation types which change in the F2SGC and
SG2C scenarios. Note that ‘Forest’ includes a range of BATS vegetation types, including
evergreen needleleaf, deciduous needleleaf, deciduous broadleaf, evergreen broadleaf and mixed
woodland
Parameter Forest Short grass Crops
Fractional vegetation cover 0.8–0.9 0.8 0.85
Vegetation seasonality factor 0.2–0.5 0.1 0.6
Roughness length (m) 0.8–2.0 0.02 0.06
Fraction of roots in top 0.1 m of soil 0.5–0.8 0.8 0.3
Albedo 0.12–0.18 0.2 0.2
Maximum LAI 6 2 6
Stem area index 2 4 0.5
Minimum stomatal resistance (s m−1) 150–200 200 120
Depth of root zone (mm) 1.5–2.0 1 1
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Figure 4. Changes in selected parameter values used in BATS: (a) maximum LAI (m2 m−2) multiplied by 10; (b) canopy roughness
length (m); (c) depth of the root zone (m) divided by 100; (d) minimum stomatal resistance (s m−1) divided by 10; (e) vegetation
albedo (%); (f) root fraction (fraction of roots in the top 0.1 m of the soil) multiplied by 10
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Figure 5. Average and change in the average for selected quantities for each time period. Averages are taken over all points that change
between 1700 and 1990 in the F2SGC case (unshaded bar) and the SG2C case (shaded bar). (a) Average air temperature (K); (b) change
in air temperature (K); (c) ground temperature (K); (d) change in ground temperature (K); (e) root zone soil moisture (mm); (f) change
in the root zone soil moisture (mm); (g) latent heat flux (W m−2); (h) change in the latent heat flux (W m−2)
4.1. Aerially averaged results
Figure 5(a) shows the air temperature modelled for each of the time periods for which a land-cover scenario
was available. In the case of F2SGC, between 1700 and 1990, the average air temperature warms by 1 K
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(Figure 5(b)). Most of the warming in F2SGC occurs in the early simulations, with the largest change occurring
in the 1800–50 period when the changes in land cover of this type peaked (Figure 2(c) and Table I). However,
Figure 5(a) shows a gradual warming for the F2SGC scenario throughout the period, which is linked to the
on-going conversion of forest to grass and crops (Figure 2). In the SG2C scenario, most of the changes
occur in 1700–50 and 1750–1800, when considerable warming (greater than 0.75 °C) is simulated in each
period. The changes over the other periods are small and vary in sign. Similar changes to those simulated for
air temperature are modelled for ground temperature (Figure 5(c) and (d)), although the magnitudes of the
changes are somewhat larger.
Figure 5(e) shows the changes in the root zone soil moisture simulated over each time period. The changes
are small for SG2C but are very large for F2SGC, where major reductions in root zone soil moisture are
simulated. These occur because the depth of the root zone is reduced in BATS from 1.5–2.0 m for forests
to 1.0 m for other surface types (Figure 4(c) and Table II). This reduces the water-holding capacity of the
soil and, therefore, the root zone soil moisture substantially in F2SGC. The other smaller impacts shown in
Figure 5(f) are the result of changes in the root zone soil moisture resulting from water balance changes rather
than parameter changes. These results do not mean that the soil is necessarily drying (i.e. the volumetric soil
moisture is reducing), but it does imply that an overall reduction in the amount of water stored in the soil
has occurred, and a smaller root zone would tend to enhance drying (Milly and Dunne, 1984).
The modifications in land cover would be expected to cause changes in the turbulent energy fluxes. In the
case of F2SGC, the latent heat flux is reduced dramatically over the period 1700–1990 by about 35 W m−2
(Figure 5(g)). Sensible heat (not shown) increases by 22 W m−2, reflecting a change from a moist environment
dominated by latent heat exchange (a Bowen ratio of 0.37) to one with much more energy exchanged as
sensible heat (a Bowen ratio of 0.65). The actual latent heat flux drops from about 160 W m−2 to 125 W m−2
between 1700 and 1990. In the case of the SG2C scenario, the latent heat flux drops quite dramatically between
the 1700–50 scenario and later periods, where the flux remains relatively unchanged. Overall, this reflects a
change in the Bowen ratio from 1.16 to 0.33 and a reduction in the evaporation from 140 W m−2 in 1700 to
about 80 W m−2 after 1750.
4.2. Geographically variable results
The impact of the land-use change on the regional climate of China is shown in Figure 6. The control
simulation (1700) shows a variable air-temperature pattern ranging from below-zero temperatures on the
Tibetan plateau to above 300 K in many other regions. This pattern is in good agreement with observations
presented by the National Climate Centre of China (see www.ncc.gov.cn). The impact of LCC between 1700
and 1800 is shown in Figure 6(b). Two impacts are apparent: warming by 0.5–1.5 K in three regions, and
cooling in one main location (centred on 35 °N, 115 °E) by ∼1 K. The changes in temperature simulated
between 1700 and 1900 are shown in Figure 6(c). The area of temperature change is larger and the cooling
centred on 35 °N, 115 °E has become more severe, exceeding −1.5 K locally. Finally, the change from 1700
to 1990 is marginally larger in area than from 1700 to 1900, but the severity of the change in temperature is
similar (Figure 6(d)).
These impacts of LCC on the near-surface air temperature propagate vertically. Figure 7 shows a vertical
profile of air temperature averaged over all points that change in the F2SGC and SG2C scenarios between 1700
and 1990. Figure 7(a) shows the change in the vertical air temperature profile from 1700 to 1800. A warming
in temperature of 0.1 K can be seen extending to about the eight sigma level (approximately 2500 m). A
more complex result is seen in Figure 7(b) for the SG2C scenario, with warming of 0.1 K extending to a
similar height, but a large area of cooling occurring east of the area of warming. This cooling exceeds 0.3 K
at the fifth sigma level (approximately 1500 m) and 0.5 K at the fourth level (approximately 1200 m).
The change in the vertical temperature profile increases in the 1700 to 1900 period. Temperature changes
extend higher into the atmosphere and the warming seen in the F2SGC scenario is more intense (Figure 7(c)).
Areas of cooling tend to propagate less vertically (e.g. see Figure 7(d)). The simulated change between 1700
and 1990 is quite similar to the change from 1700 to 1800 in the F2SGC scenario (Figure 7(e)), but the
warming extends higher into the atmosphere in the SG2C experiment (Figure 7(f)).
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Figure 6. Actual air temperature and change in the air temperature (K) for selected periods simulated over the model domain. (a) Actual
temperature simulated for 1700; (b) change in air temperature (1800–1700); (c) change in air temperature (1900–1700); (d) change in
air temperature (1990–1700). In the first panel, temperatures less than 270 K and between 270 and 280 K are shaded. In the other three
panels, negative changes are shaded and contoured to aid interpretation
The impact of LCC on the specific humidity is shown in Figure 8. The changes are similar to those
simulated for temperature, with large areas of atmospheric drying over regions of warming and large areas
of increased atmospheric moisture over areas of cooling. These changes also propagate vertically (Figure 9),
with drying of the lower atmosphere in the F2SGC and generally an increase in specific humidity in SG2C.
These changes in the air temperature and the specific humidity are associated with large-scale changes in
the latent heat flux of ±15 W m−2 (Figure 10). These changes in latent heat are the direct consequence of
the LCCs and the resulting impact on parameter values in BATS (Figure 4).
The (F2SGC) modification affects many BATS parameters. The main changes in parameters that reduce the
latent heat flux are reductions in LAI, roughness length, root zone depth and an increase in albedo (Figure 4).
The reduction in LAI reduces the surface area of leaf in contact with the atmosphere. This reduces interception
of precipitation and the number of stomata able to transpire water, both of which combine to reduce latent
heat exchange. The reduction in roughness length directly reduces the latent heat flux by reducing turbulent
transfer. The reduced root zone depth reduces the water-holding capacity and increases the likelihood of
moisture stress occurring. Finally, the increased albedo reduces the absorption of solar radiation and reduces
net radiation, and thereby the energy available to evaporate water.
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Figure 7. Change in the vertical profile of modelled temperature (K) for: (a) F2SGC for 1800–1700; (b) as (a), but for SG2C; (c) as
(a), but for 1900–1700; (d) as (b), but for 1900–1700; (e) as (a), but for 1990–1700; (f) as (b), but for 1990–1700
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Figure 8. As Figure 6, but for specific humidity (g kg−1). In the first panel, specific humidity greater than 12 g kg−1 is shaded. In the
other three panels, negative changes are shaded and contoured to aid interpretation
The SG2C modification also affects many BATS parameters. LAI is increased, the minimum stomatal
resistance is reduced and the fraction of roots contained in the top soil layer is reduced (Figure 4). The
impact of these changes in the latent heat flux can clearly be seen in the region centred on 35 °N, 115 °E. The
reduction in the minimum stomatal resistance by more than 50 s m−1 and the increase in LAI both tend to
increase the latent heat flux. The increase in LAI contributes to the increase in the latent heat flux by increasing
the interception of precipitation and the surface area for transpiration. The reduction in the minimum stomatal
resistance from 200 to 120 s m−1 (Table II) also leads to an increase in the latent heat flux (see Figure 10).
Overall, the regional changes in air temperature, specific humidity and latent heat flux are substantial.
The changes in land cover lead to warming and drying over large regions of China, but there is a cooling
and moistening over one region centred on 35 °N, 115 °E where the land cover is modified from short grass
to crops. The precise nature of these regional climate changes can, therefore, be explained in terms of the
parameter changes in BATS.
4.3. Daily averaged results
The evolution in the air temperature over the 29 simulated days is shown in Figure 11. In the F2SGC
simulation, the temperature is higher in the simulations closer to the present day (Figure 11(a)). The opposite
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Figure 9. As Figure 7, but for specific humidity (g kg−1)
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Figure 10. As Figure 6, but for the latent heat flux (W m−2). In the first panel, latent heat fluxes (W m−2) greater than 100 W m−2
are shaded. In the other three panels, the −50 W m−2 changes are shaded and contoured to aid interpretation
effect can be seen in the SG2C results, where cooling is simulated on each day (Figure 11(b)) relative to the
1700 simulation. The 1990 simulation is about 1 K warmer on each day in the 1990 simulation for F2SGC
simulation and 2 K cooler in the SG2C simulation. These changes are reflected in changes in the latent heat
flux (Figure 11(c) and (d)). The 1990 latent heat flux varies through the month, but it is about 50 W m−2
lower than in 1700. The variation in the latent heat flux is consistent through the month, however, with the
simulations from the seven time periods running in parallel. In the SG2C simulation, the latent heat flux
increases toward more recent times.
The parallel nature of the simulations seen in the latent heat fluxes for F2SGC is not so clear during two
periods of the SG2C simulations. The periods where the seven simulations appear to come together (days
6–7 and 18 in SG2C) are the result of significant precipitation events occurring on these days. These mask
the short-term impact of the LCCs by making the surface wet, thus reducing the net radiation and thereby
reducing the fluxes and the potential for differences. A wet surface also negates the impact of changes in
stomatal resistance, variations in root zone depth and root fraction and explains why the simulations converge
during periods of precipitation.
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Figure 11. Time series of: (a) daily air temperature (K) for the F2SGC case; (b) daily air temperature (K) for the SG2C case; (c) latent
heat flux (W m−2) for the F2SGC case; (d) latent heat flux (W m−2) for the SG2C case. Four years are plotted: thin solid line (1700);
dashed line (1800); thin solid line with crosses (1900); thick solid line (1990)
5. DISCUSSION AND CONCLUSIONS
The LCCs that have occurred over different regions of China since 1700 have been extensive. Although the
details provided in the land-cover data set may not be exact, they should represent the basic patterns of change
both in time and geographically. We have explored the impact of these LCCs on the June climate over China
using an RCM.
Our results show a significant impact on the June temperatures and other quantities due to LCC over
China. Over F2SGC regions the air temperature warms, the ground temperature warms, the specific humidity
is reduced and the latent heat flux is reduced. Changes in temperature and specific humidity propagate
vertically to around 2500 m above the surface, suggesting that the LCCs cause changes in the whole
atmosphere and not just the near surface. These changes are characteristic of the types of impact seen in
tropical deforestation experiments, where the changes in land surface parameters lead to (in general) warming
and drying of the surface and atmosphere (e.g. Henderson-Sellers et al., 1993; Polcher and Laval, 1994;
Zhang et al., 1996; Lean and Rowntree, 1997). Similar changes, on larger scales, have also been noted in
experiments using climate models (e.g. Chase et al., 2000; Pitman and Zhao, 2000; Zhao et al., 2001). The
changes in the model simulation when the land cover is altered from short grass to crops (SG2C) are quite
different. The air and ground temperatures cool, latent heat is increased and the atmosphere becomes more
moist. In both F2SGC and SG2C, the changes in the latent heat flux in our experiments are associated
with the changes in surface parameters that land surface models are known to be sensitive to (Pitman,
2003).
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Thus, in the results discussed here, the LCCs tend to cause large-scale warming; however, where grasses
are replaced by crops, the model simulates cooling. The changes in temperature simulated by the model are
relatively large over the time period 1700–1990, with areas of cooling exceeding 1.5 K and areas of warming
exceeding 0.5 K over a large area and exceeding 1 K over an area of 25 000 km2 (Figure 6(d)). Whereas on
the large scale, over the whole of China, the average change in temperature simulated in these experiments
would be negligible, the regional-scale patterns of warming and cooling are substantial and would cause major
changes in the local biophysical environment.
If our results generated with a single RCM can be confirmed with more experiments and an analysis of
observational data, then this would have some significant implications for land management over China. The
large-scale changes from forest to grass and crops appear to have led to large-scale warming, partially masked
by some regional-scale cooling where crops have replaced grasses. It is difficult to search for these changes in
the observational record, since any warming over China may be related to increasing greenhouse gases, and
the large number of scenarios required to obtain robust modelled statistics is currently technically infeasible.
However, there is clearly the potential for LCC to explain some of the temperature changes observed over
China, and this needs to be explored to avoid incorrectly attributing these changes to increasing greenhouse
gases. A second implication of our results is that LCCs over China appear to have led to large-scale climate
changes. The impact of these changes on agriculture and water resources is beyond the scope of this paper but,
again, needs to be explored, since the changes in regional climate, resulting from human-induced LCC, may
have a significant impact on these important components of China’s economy. If our results are confirmed,
via the use of a range of RCMs and an analysis of observed data, then the warming over large parts of
China could be reversed via reafforestation, which would also have a positive impact on potential sinks for
greenhouse gases.
In conclusion, we find large and consistent impacts over China resulting from historical LCC. These
impacts, explored using an RCM for a range of historical time periods, indicate that changes in land cover
are sufficiently important to the regional-scale climate to be included in future modelling efforts. In attempts
to simulate future changes in climate over China, the impact of changes in land cover resulting from further
human activity or from carbon-dioxide-induced fertilization of vegetation needs to be taken into account. A
new generation of RCMs, which include two-way coupling and ecological models that simulate agricultural
production, are under development (e.g. Zhou and Wang, in press). Finally, it would be valuable to explore
the fraction of observed changes in climate over China that can be attributed to LCC rather than changes in
greenhouse gases.
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